O ral fluconazole treatment has been linked to a distinct pattern of birth defects in five infants of mothers who were treated for severe fungal infections with 400 to 800 mg daily during most or all of the first trimester of pregnancy. [1] [2] [3] [4] Similar defects have been observed in animals exposed to systemic azole antifungal agents. [5] [6] [7] In 2011, the U.S. Food and Drug Administration (FDA) issued a drug-safety announcement concerning the possible teratogenic risks conferred by long-term, high-dose fluconazole treatment. The FDA pregnancy category for fluconazole was consequently changed from C (adverse fetal effects in animals and no adequate human data) to D (evidence of human fetal risk, but benefits may warrant use), with the exception of the use of fluconazole, at a single dose of 150 mg, for the treatment of vaginal candidiasis. 8 However, concern has been raised about whether common therapeutic doses of oral fluconazole used for frequent fungal infections of the skin or mucous membranes may similarly increase the risk of certain specific defects. 9 The few epidemiologic studies of oral fluconazole (usually a single dose of 150 mg) suggest that it is not associated with an increased risk of birth defects overall [10] [11] [12] [13] [14] ; however, with a sample of 1650 pregnancies exposed in the first trimester, these studies were not large enough to allow investigation of different doses or the risk of specific defects. In a study that examined the risk of craniofacial defects and heart defects among 1079 pregnancies exposed to fluconazole, no significantly increased risk was found. 13 Another study, which assessed the association between selected birth defects and antifungal agents (mostly topical azoles or unspecified drugs), showed an elevated risk of hypoplastic left heart and diaphragmatic hernia. 15 Assessment of any teratogenic potential of oral azole antifungal agents is important, because pregnant women are at increased risk for vaginal candidiasis, 16 which is the most common clinical indication for these drugs. Although vaginal preparations of topical azole antifungal agents are first-line treatment for vaginal candidiasis during pregnancy, 17 treatment with oral azole antifungal agents is used in cases of recurrence or when topical treatment has failed.
In a registry-based cohort study, we evaluated the association between first-trimester oral fluconazole exposure and the risk of major birth defects, including analyses according to dose and analyses of defects previously linked to azole antifungal agents.
Me thods

Study Cohort
We identified a nationwide cohort of all liveborn infants who were born in Denmark between January 1, 1996, and March 31, 2011, from the Medical Birth Registry. 18 With the use of the unique personal identifiers used in all registries, individual-level data were obtained from the National Prescription Registry, 19 the National Patient Register, 20 the Danish Civil Registration System, 21 and Statistics Denmark and were linked to the cohort (the registries are described in the Supplementary Appendix, available with the full text of this article at NEJM.org). Records of gestational age in the Medical Birth Registry are primarily based on ultrasonography 22 ; infants with a missing or implausible gestational age at birth (<22 or >45 weeks) were excluded from the cohort. Pregnancy onset, defined as the first day of the last menstrual period, was estimated by subtraction of gestational age from the date of birth. The study was approved by the Danish Data Protection Agency. Informed consent is not required for registry-based research in Denmark.
Oral Azole Antifungal Agents
Information on prescriptions for oral fluconazole, itraconazole, and ketoconazole that were filled by the women in the cohort during pregnancy was obtained from the National Prescription Registry. The main exposure time window we examined was the first trimester of pregnancy, and the time of exposure was defined as the date on which the prescription was filled. In the analysis of different doses of fluconazole, we calculated the cumulative amount in milligrams of all prescribed drugs dispensed in the first trimester. Unexposed women were those who did not fill prescriptions for oral azole antifungal agents during the first trimester. Women who filled prescriptions for oral antifungal agents within 4 weeks before pregnancy onset were excluded from the study cohort to avoid potential misclassification of exposure status (i.e., classification of women who filled prescriptions shortly before pregnancy and used them during the first trimester as unexposed). Because we did not have data on anti-fungal drug treatment of hospital inpatients, we excluded women with a fungal infection diagnosed during a hospital stay that occurred in the period from 4 weeks before pregnancy onset through the first trimester (see the Supplementary Appendix).
Birth Defects
Cases of major birth defects were identified through the National Patient Register, which allowed for a 1-year follow-up of all infants. We investigated 15 specific birth defects previously associated with azole antifungal agents in case reports, reproductive animal models, or observational studies (4 defects previously associated with azole antifungal agents other than fluconazole were also included, because a teratogenic mechanism of these drugs could represent a class effect 9 ): craniosynostosis, 1-4 cleft palate, 2,5-7 cleft lip with or without cleft palate, 6,7 other craniofacial defects, 1-4 middle-ear defects, 7 limb defects, 1,2,4,5,23 limb-reduction defects, 6,7 polydactyly, 24 syndactyly, 6,24 diaphragmatic hernia, 15 heart defects, 25 tetralogy of Fallot, 4 pulmonary-artery hypoplasia, 4 ventricular septal defects, 4 and hypoplastic left heart. 15 We defined the category of birth defects overall according to the European Surveillance of Congenital Anomalies (EUROCAT) classification system. 26 We included all cases of major birth defects except for chromosomal aberrations, genetic syndromes, birth-defect syndromes with known causes, and congenital viral infections associated with malformation; we did not include minor defects (see the Supplementary Appendix).
Statistical Analysis
Prevalence odds ratios with 95% confidence intervals were estimated by logistic regression for each exposure category and each birth-defect outcome 27 with the use of SAS, version 9.1 (SAS Institute). The primary analyses included any exposure to fluconazole or exposure to different fluconazole doses and the outcome of either birth defects overall or birth defects previously linked with azole antifungal agents. No correction for multiple testing was applied. We used predefined categories of cumulative doses during the first trimester (150, 300, and 350 to 6000 mg); the categories were based on the standard treatment of vaginal candidiasis with one or two 150-mg doses of oral fluconazole, 28 with doses of at least 350 mg used for more complicated fungal infections, including recurrent vaginal candidiasis.
The secondary analyses included exposure to itraconazole and ketoconazole and assessed the outcome of birth defects overall.
The covariates in our adjusted regression models were based on information available in registries and on the potential for association with both exposure to antifungal agents and birth defects. The covariates included calendar year; demographic characteristics; socioeconomic variables; and status with respect to smoking, previous births with malformation, selected coexisting conditions, and treatment with oral antibiotic agents, immunosuppressive agents, oral corticosteroids, antiepileptic agents, oral contraceptives, or drugs for in vitro fertilization (Table S2 in the Supplementary Appendix).
In preplanned sensitivity analyses of any fluconazole exposure and birth defects overall, we examined whether results changed when we used different exposure time windows and exclusion criteria. Our analyses were based only on live births, which could introduce a bias toward the null hypothesis as a result of excluding pregnancies that were terminated because of fetal malformation; therefore, we conducted analyses modeling the effect of including terminated pregnancies, with the use of data from a subcohort in Denmark (see the Supplementary Appendix). Sensitivity analyses examining different exposure time windows and exclusion criteria were also conducted for individual defects if the adjusted prevalence odds ratio was significantly increased. Furthermore, post hoc analyses were performed to determine whether additional adjustment for exposure to drugs in FDA pregnancy categories D and X (evidence of human fetal risk; should not be used in pregnancy) or for prepregnancy body-mass index (in a subcohort for the period from 2004 through March 2011) could explain the positive associations. For positive associations, the adjusted number of excess cases due to fluconazole exposure was calculated.
R esults
Study Cohort
A total of 976,300 liveborn infants were included in the study (Fig. 1) . The characteristics of mothers exposed to oral azole antifungal agents and unexposed mothers in the study cohort are presented in Table 1 and in Table S2 in the Supplementary Appendix. Figure 2 shows the prevalence odds ratios for associations of first-trimester fluconazole exposure with birth defects overall and with 15 specific birth defects. No significantly increased risk of birth defects overall was observed among 7352 pregnancies exposed to any fluconazole, as compared with 968,236 unexposed pregnancies (adjusted prevalence odds ratio, 1.06; 95% confidence interval [CI], 0.92 to 1.21); evaluating exposure according to cumulative doses of 150, 300, and 350 to 6000 mg did not change this result.
Oral Fluconazole
In the analysis of 15 birth defects previously linked to azole antifungal agents, we found no significantly increased risk of craniosynostosis, cleft palate, cleft lip with or without cleft palate, limb defects, limb-reduction defects, polydactyly, syndactyly, diaphragmatic hernia, heart defects overall, or ventricular septal defects associated with any dose of fluconazole. There were no cases of other craniofacial defects, middle-ear defects, or pulmonary-artery hypoplasia among fluconazole-exposed pregnancies, which is consistent with an absence of significantly increased risk, but we were not able to estimate prevalence odds ratios. The adjusted prevalence odds ratio for hypoplastic left heart was 2.03, but it was based on three exposed cases and was nonsignificant. The risk of tetralogy of Fallot among fluconazole-exposed pregnancies was three times as high as that among unexposed pregnancies, a significant increase, and was based on seven exposed cases. We observed similar results when the 15 birth defects were evalu- 
Oral Itraconazole and Ketoconazole
No significantly increased risk of birth defects overall was observed among the 687 and 72 pregnancies exposed to itraconazole and ketoconazole, respectively, and no apparent clustering of malformations was observed (Tables S3 and S4 in the Supplementary Appendix).
Additional Analyses
In preplanned sensitivity analyses in which we explored the effects of different exposure windows and exclusion criteria, the adjusted prevalence odds ratios for birth defects overall associated with any fluconazole exposure were similar to those in the primary analyses (Table 2) . When the effect of including pregnancies that were terminated because of a fetal anomaly was modeled, the risk estimates for all but 1 of the 15 specific birth defects were found to be similar to those in the primary analyses (Table S5 in the Supplementary Appendix). The exception was hypoplastic left heart, for which the prevalence odds ratio, which was 2.03 in the primary analysis, rose to 2.82 (95% CI, 1.23 to 6.45) when the proportion of terminated pregnancies was assumed to be doubled among the exposed pregnancies.
The robustness of the observed increased risk of tetralogy of Fallot was evaluated in a number 
Figure 2. Association of First-Trimester Exposure to Oral Fluconazole with the Risk of Birth Defects Overall and 15 Specific Birth Defects.
In the analysis of birth defects overall, infants with more than one anomaly were counted only once. In the analysis of specific birth defects, affected infants were assigned to as many of the birth-defect categories as their International Classification of Diseases, 10th Revision, codes in the first year of life indicated. Prevalence odds ratios were adjusted for calendar year; maternal parity; age at pregnancy onset; place of birth; place of residence in Denmark; level of education; marital status; family income; and status with respect to smoking during pregnancy, previous births with congenital malformations, human immunodeficiency virus (HIV) infection, other sexually transmitted diseases, other infectious diseases, other immunodeficient states, receipt of clinical care for high-risk pregnancy, diabetes mellitus, and treatment with immunosuppressive agents, oral antibiotics, oral corticosteroids, antiepileptic agents, oral contraceptives, or drugs for in vitro fertilization. However, in the analyses of specific birth defects, HIV infection, other sexually transmitted diseases, and other immunodeficient states were diagnosed in only a few mothers, and only a few mothers filled prescriptions for oral corticosteroids or antiepileptic agents; these covariates therefore could not be included in the adjusted analyses. The number of unexposed pregnancies included in the analyses was 968,236. NE denotes not estimable.
The of additional analyses (Table 3 ). An adjusted prevalence odds ratio indicating an increased risk of tetralogy of Fallot persisted when the exposure time window was restricted to the period during which the fetus is most sensitive to teratogenic insults, when the association was examined according to cumulative fluconazole dose, when multiple births and persons with missing data were excluded, when adjustment was made for treatment with pregnancy category D and X drugs, and when adjustment was made for bodymass index. There was no increased risk associated with fluconazole exposure in the second or third trimester. In absolute terms, we estimated that fluconazole use would give rise to 6.5 (95% CI, 1.5 to 17) excess cases of tetralogy of Fallot per 10,000 infants exposed in the first trimester (Table S6 in the Supplementary Appendix). In a post hoc exploratory analysis, fluconazole was not associated with a significantly increased risk of conotruncal heart defects (a subgroup that includes tetralogy of Fallot), although the adjusted prevalence odds ratio was 1.65 (Table S7 in the Supplementary Appendix). Table S8 in the Supplementary Appendix shows a review of registry records of the 7 cases of tetralogy of Fallot associated with fluconazole exposure.
Discussion
In this nationwide cohort, exposure to any oral fluconazole or to a cumulative dose of 150, 300, or 350 to 6000 mg during the first trimester of pregnancy was not associated with a significantly increased risk of birth defects overall, and neither was exposure to oral itraconazole or ketoconazole. For this study, we identified 15 birth defects that had been linked to azole antifungal agents and found no evidence of an association between fluconazole exposure and 14 of these defects. The findings from this study are therefore largely reassuring. However, the risk of tetralogy of Fallot was three times as high after fluconazole exposure, and this increased risk was found in all analyses. Case reports have described a pattern of specific malformations, including tetralogy of Fallot (in one case), in infants exposed to 400 to 800 mg of fluconazole daily during the first trimester of pregnancy. 4 In our study, the fluconazole-exposed infants with tetralogy of Fallot had no noncardiac defects, in contrast to the malformation pattern described in the earlier case reports. Furthermore, no mothers and only one sibling of affected infants had heart defects, which suggests that the affected infants did not have a genetic predisposition (although paternal information and data from before 1978 were not available). In our exploratory analyses of conotruncal defects, tetralogy of Fallot represented 70% of the conotruncal defects in fluconazoleexposed infants and 36% of those in unexposed infants; the nonsignificant increased risk of conotruncal defects was therefore driven by tetralogy of Fallot. This indicates that if fluconazole causes tetralogy of Fallot, the mechanism is probably not related to other malformations of the cardiac outflow tract that are otherwise etiologically similar. Antibiotics were dispensed to all except one of the mothers of exposed infants with tetralogy of Fallot. Maternal febrile illness and some penicillins have been associated with heart defects (although not tetralogy of Fallot specifically 29 ), but adjustment for antibiotic use did not affect the observed estimate.
Previous observational studies of fluconazole use in pregnancy have focused on the outcome of birth defects overall; most of the women included in these studies were exposed to a single 150-mg dose of fluconazole, and the total number of pregnancies with exposure in the first trimester was 1650, as compared with 7352 in our study. [10] [11] [12] [13] [14] Our finding that a 150-mg dose of fluconazole was not associated with an increased risk of birth defects overall confirms the results of previous studies; our study also adds to these safety data by reporting risk estimates for doses higher than 150 mg.
There have been few studies of specific defects. A cohort study of 1079 fluconazoleexposed women showed no significant increased risk of craniofacial defects or heart defects. 13 In a case-control study of selected defects, the risk of hypoplastic left heart was twice as high in association with the use of antifungal agents, and there was a nonsignificant elevated risk of diaphragmatic hernia, but the specific types of drugs were mostly topical azoles or unknown. 15 In another case-control study, first-trimester ketoconazole use was associated with a risk of heart defects that was three times as high as that in the control group; however, the result was not significant and was based on only two exposed cases. 25 With respect to other oral azole antifungal agents, our findings suggest that itraconazole is unlikely to be associated with more than a moderate excess risk of birth defects overall and that ketoconazole is not a major human teratogen. These findings are in accordance with the results of three previous studies investigating the relationship between exposure to these agents and birth defects. 11, 25, 30 Our study has strengths and limitations. The registry-based design allowed us to assemble a nationwide cohort with independent ascertainment of exposure and outcome and complete 1-year follow-up of all infants. Validation studies of the National Patient Register have shown that registrations are correct for 88% of birth defects overall and for 89 to 90% of cardiac malformations, including tetralogy of Fallot. 31, 32 The use of filled prescriptions as a measure of exposure eliminates recall bias and increases the accuracy of information on specific types of drugs, as compared with selfreported use. However, noncompliance would bias results toward no effect. Although information on topical azole antifungal agents (including vaginal preparations) was not included in the study, since most are purchased over the counter, their teratogenic potential is small because of their minimal systemic absorption. 33, 34 We took into account many possible confounding factors, but ascertainment of maternal illnesses may be incomplete because the National Patient Register does not include diagnostic information from primary care. Unmeasured confounding factors are always a possibility in observational studies, but the absence of an association between fluconazole exposure in the second or third trimester and birth defects indicates a modest effect of unmeasured confounding factors (assuming that these women have characteristics similar to those exposed in the first trimester). Because we studied only liveborn infants, our estimates would be biased toward the null hypothesis if fluconazole use were associated with malformation-related mis carriage or elective termination. To address this issue, we conducted analyses modeling the effect of including pregnancies terminated after prenatal diagnosis. The findings were almost identical to those of the primary analyses, indicating that any bias toward the null hypothesis as a result of excluding pregnancy terminations was minimal. However, this was not the case for hypoplastic left heart, for which there was a relatively high prevalence of terminations (45.5%). Chance could explain the significantly increased risk of tetralogy of Fallot, considering that 15 specific birth defects were analyzed. However, our selection of defects was based on previous associations, and we therefore place greater reliance on our findings than we would if this were the first report of such associations. The nonsignificant adjusted prevalence odds ratio for hypoplastic left heart may be a false negative finding, given that the upper limit of the confidence interval exceeds 6; this warrants further investigation. In the analyses according to fluconazole dose, the highest dose category is heterogeneous, with a mean dose of 722 mg, and the results should be interpreted accordingly. Furthermore, in the analyses of the 15 specific birth defects according to fluconazole dose, the number of exposed pregnancies was small, especially for cumulative doses of 350 to 6000 mg.
In conclusion, this large cohort study provides comprehensive safety information for oral fluconazole use during pregnancy and adds knowledge regarding itraconazole and ketoconazole. Our analyses showed that first-trimester fluconazole exposure was not associated with an excess risk of birth defects overall, including analyses according to fluconazole dose and most of the analyses of specific birth defects of previous concern. Although fluconazole may confer an increased risk of tetralogy of Fallot, the absolute risk was small and the association needs to be confirmed. Disclosure forms provided by the authors are available with the full text of this article at NEJM.org.
